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New measurements show that the entire transmitter
contents of a dense-core vesicle can be released within
a second through a narrow fusion pore that opens
transiently. With other results, this raises the possibility
that some dense core vesicles may, like small synaptic
vesicles, undergo immediate recycling.
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The generic term ‘dense-core vesicle’ covers a range of
membrane-bound organelles of different sizes that are
used as storage sites for many transmitters and hormones
in the nervous system and endocrine glands. The core is
made up of a variety of soluble materials, including
proteins and nucleotides, which act as a binding matrix for
the transmitter. These molecular associations reduce the
osmotic activity of the transmitter, allowing it to be accu-
mulated to very high concentrations within the vesicle. It
has become a tenet in the field that such vesicles expel
their entire contents — ‘degranulate’ — into the extracel-
lular space during exocytosis. Dissolution of the matrix
then frees the transmitter and other constituents which
diffuse away to their sites of action. 
Electron micrographs of various secretory tissues have
bolstered this view by providing morphological evidence
for the existence of extracellular dense-cores. Such a
mechanism certainly appears to prevail in exocrine glands,
such as those in the pancreas, that secrete proteolytic
enzymes. By contrast, recent studies of the kinetics of
secretion of small transmitters from some types of dense-
core vesicle support an alternative process, in which the
matrix is retained by the cell and the transmitter alone is
released through a transiently open ‘fusion pore’, possibly
by an ion-exchange mechanism. 
In adrenal medullary chromaffin cells, dense-core vesicles
— otherwise known as ‘chromaffin granules’ — contain
very high concentrations of either adrenaline or noradrena-
line [1]. The secretion of these catecholamines into the
bloodstream is an important part of the physiological stress
response. Bulk measurements suggest that the blood cate-
cholamine levels rise within seconds in response to stress,
but the actual kinetics of catecholamine release from indi-
vidual adrenal chromaffin cells was not known until
recently. The problem of measuring the kinetics of trans-
mitter release from individual cells was resolved in the
early 1990s by the application of cyclic voltammetry and
its sibling amperometry to catecholamine secretion from
isolated cells [2]. 
These electrochemical techniques measure the concentra-
tion of compounds on the basis of their redox characteris-
tics. In voltammetry, electrons are added to or removed
from compounds by electric fields generated across a
carbon fibre electrode–solution interface. Each compound
yields a signature that allows it to be distinguished from
related substances. In the amperometric mode, the carbon
fibre electrode potential is held at a critical value at which
the compound surrenders electrons, thereby generating a
small current in the electrode. To measure cate-
cholamines, hydroxyl groups are oxidized to ketones at the
tip of a small carbon fibre electrode apposed to the adrenal
chromaffin cell surface (Figure 1). The resultant current
‘spike’ in the carbon fibre electrode provides an estimate
of the amount of catecholamine released from the cell. 
Previous work established that amperometric spikes
represent quantal secretion from dense-core vesicles [2,3],
in much the same way that postsynpatic potentials reflect
transmitter secretion from presynaptic terminals. Although
the temporal resolution of amperometry is excellent, the
carbon fibre electrode is relatively bulky and records from
a sizeable fraction of the cell surface. Nevertheless, such
measurements provided the first evidence for ‘leakage’ of
catecholamines before the main amperometric spike, in
the form of ‘foot’ signals (humps appearing on the record,
usually before a spike) [3,4]. These signals were inter-
preted as release of transmitter through a narrow fusion
pore and have been seen in several systems. While the
exact nature of fusion pores is still uncertain, conductance
estimates suggest that it starts out like a large ion channel
[5]. When the fusion pore flickers open and closed, a
stand-alone foot signal appears; otherwise, the pore
widens to give a true amperometric spike. 
A recent modification of the amperometric technique
permits much smaller areas of the membrane to be
sampled. In this method, termed ‘patch amperometry’, the
carbon fibre electrode is contained inside a conventional
glass patch pipette which is sealed to the cell surface [6]
(Figure 1). Amperometric and capacitance (surface area)
recordings can then be made simultaneously in the patch,
and the two parameters correlate well. This set-up also
allows fusion pore kinetics and catecholamine release from
the same vesicle to be concurrently determined. During
exocytosis, some vesicles were found to connect tran-
siently with the extracellular space via a fusion pore of
approximately 500 pS conductance — predicting a pore
diameter of about 3 nm — that lasted up to several
seconds. Appearance of the pore was associated with
amperometric detection of catecholamine as a ‘foot’ signal
(Figure 1, inset). The key finding of this study was that
most of the catecholamine in the vesicle could escape
during this transient event, a rate of release much higher
than previously suspected [6]. Thus, a single dense-core
vesicle containing approximately 0.6 M epinephrine can
release it all within a second.
These results suggest that the old hypothesis of ‘kiss-
and-run’ exocytosis, first applied to small synaptic vesi-
cles at the neuromuscular junction [7], may also apply in
some circumstances to dense-core vesicles (Figure 2). In
this mechanism, synaptic vesicles connect with the
presynaptic membrane via a fusion pore but do not fully
fuse with it. Transmitter escapes through the fusion
pore, then the vesicle is supposedly retrieved intact to
be reloaded with further transmitter. Kiss-and-run has
been controversial at nerve terminals and an alternative
view, that vesicles always fuse fully with the presynaptic
membrane and ‘flatten’ into it, has historically had the
upper hand. According to the complete fusion model,
membrane components of synaptic vesicles are recov-
ered by clathrin-coated vesicle endocytosis at sites
distant from the active fusion zone; these vesicles go on
either to become new synaptic vesicles directly or to fuse
with a sorting endosome from which new synaptic vesi-
cles are budded [8].
Such a cycle might be relatively slow [9], and recent
discoveries on the speed of endocytosis and synaptic
vesicle recycling have challenged the complete fusion
model. First, studies with the fluorescent dye FM1-43 at
synaptic terminals suggest that it is endocytosed very
rapidly and can be re-released by stimulation within
1 minute of endocytosis [10]. Second, direct measurement
of ‘rapid endocytosis’ by capacitance measurements in a
number of secretory cells, including neurons, revealed
time constants in the order of 2–3 seconds or less [9].
Rapid endocytosis is found in adrenal chromaffin cells,
where it takes approximately 20 seconds at most to com-
plete [11]. Moreover, rapid endocytosis is independent of
the clathrin-coated vesicle pathway, suggesting that it
operates by a distinct mechanism [11]. It is tempting to
speculate that this form of endocytosis represents the last
step of the kiss-and-run phenomenon newly revealed by
patch amperometric measurements. 
Another key issue related to the kiss-and-run model is the
mechanism by which catecholamines escape from the core
matrix. This is unlikely to occur by simple diffusion, as
catecholamines are bound within the dense-core vesicle
matrix, largely as ATP and chromogranin complexes [1];
the diffusivity of substances within dense-core vesicles
seems to be very low [12]. Instead, the release mechanism
from a reversibly fused dense-core vesicle may involve an
ion-exchange mechanism. Early studies of the kinetics of
catecholamine secretion from perfused adrenal glands, as
well as studies of the release of these substances from iso-
lated dense-core vesicles, were compatible with such a
mechanism [13]. In brief, it was suggested that Na+ ions
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Figure 1
At the top is shown the oxidation reaction
which converts catecholamines to quinones
and which, in the presence of an electric
field, generates electrons that can be
measured by amperometry. Below is
illustrated the set-up for patch amperometry
[6]. The carbon fibre electrode is contained
within a patch electrode, allowing the
simultaneous recordings shown in the inset:
catecholamine release (upper trace),
capacitance increase (middle trace) and
membrane conductance (lower trace). In the
recordings shown, a dense-core vesicle
attaches to the membrane via a flickering
fusion pore (note noise in record) that allows
passage of catecholamine recorded as a
discrete foot signal not associated with the
subsequent spike (top trace). Note that, at
the asterisk, the fusion pore flickers open and
closed, also reflected in the capacitance
trace.
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entering the vesicle knocked amines off their binding
sites and out of the dense-core vesicle (Figure 2). This
iconoclastic hypothesis was recently revived in studies of
serotonin in mast cell dense-core vesicles [14] and has
been discussed for other systems, even small synaptic
vesicles that store molecules such as acetylcholine [12].
If the kiss-and-run model were to hold, then another
prevalent dogma in the field of adrenal medullary secre-
tion may need re-examination. In many studies, matrix
components, such as the chromogranins as well as the
soluble form of dopamine β-hydroxylase, have been
found to be co-released in a stoichiometric manner with
catecholamines from both the perfused adrenal gland and
isolated adrenal chromaffin cells in culture [1]. As the
fusion pore would presumably be too narrow and open
too briefly to allow significant passage of protein mole-
cules, how can protein secretion be reconciled with the
kiss-and-run model? One possibility is that rapid secre-
tion via the fusion pore and slower secretion by degranu-
lation coexist and are dependent on stimulation
conditions. Hyperstimulation may saturate the kiss-and-
run mechanism and dense-core vesicles may then
undergo complete fusion, with extrusion of their con-
tents. Chromogranin secretion does in fact exhibit a delay
during chronic nicotinic stimulation of adrenal chromaffin
cells [15], but this question will be definitively resolved
only if protein secretion can be estimated with the tem-
poral accuracy of amperometry. 
The rate-limiting step in the kiss-and-run mechanism
might well be rapid endocytosis: if this mechanism is over-
whelmed, then fusing dense-core vesicles may remain
attached to the plasma membrane longer, possibly trigger-
ing complete fusion. Further insight into the fusion pore
itself may be key to understanding this transition. It is
interesting to note that peptides derived from secretory
proteins such as chromogranins, as well as other compo-
nents of dense-core vesicles, have been shown over the
years to inhibit secretion from adrenal chromaffin cells.
Degranulation by complete fusion may thus generate
feedback signals acting to slow down secretion, thereby
preventing exhaustion. A dual-cycle secretion model
(Figure 2) could accommodate both the slower clathrin-
mediated retrieval and rapid endocytosis, both of which
occur in diverse secretory tissues. 
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Figure 2
A comparison of the kiss-and-run and
complete fusion models of dense-core vesicle
exocytosis. In the complete fusion model (left),
the dense-core vesicle membrane becomes
continuous with the plasma membrane, and
vesicle proteins mix with plasma membrane
proteins. Secretion is by ‘degranulation’, in
which the entire vesicular content is extruded.
Catecholamine molecules are released from
the matrix and all components enter the
extracellular space. Retrieval is by coated pits,
which become vesicles that carry dense-core
vesicle membrane proteins to sites of new
dense-core vesicle assembly. In the kiss-and-
run model (right), dense-core vesicles
connect to the membrane via a ‘fusion pore’.
One possibility (shown) is that catecholamine
release occurs through the fusion pore by ion
exchange with incoming Na+ ions
(counterions could also enter the vesicle
across its own membrane [12]). Rapid
endocytosis [11] ensues, pinching off the
dense-core vesicle intact from the membrane.
Refilling with new transmitter can then take
place immediately, rapidly reforming a mature
dense-core vesicle. Rings around retracting
vesicles in both pathways represent dynamin,
known to be involved in the pinch-off reaction.
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